Introduction
Wood is an important renewable material and an alternative source of polymers, sugars, carbon and energy to fossil-based resources. Wood additionally provides raw material for making natural and synthetic fibers, nanocellulose, and solid material for manufacturing different products. The main subcellular structures in wood are the secondary cell walls, consisting of a cross-linked network of cellulose microfibrils embedded in the matrix of hemicelluloses and lignin (Mellerowicz & Gorshkova, 2012) . Xylan is the main hemicellulose in angiosperm tree species (hardwoods), constituting up to 25% of wood dry weight (Ebringerov a & Heinze, 2000; Scheller and Ulvskov, 2010) . The xylan backbone consists of c. 100 b-(1?4)-linked xylopyranosyl (Xylp) residues, of which c. 60% are decorated by O-acetyl (Ac) groups at C-2 and/or C-3 positions in Xylp, and c. 10% of which carry a 4-O-methyl glucuronosyl (MeGlcA) residue at C-2 (Teleman et al., 2000 (Teleman et al., , 2002 . The backbone also contains a tetrasaccharide b-D-Xylp-(1?3)-a-L-Rhap-(1?2)-a-D-GalpA-(1?4)-D-Xylp at its reducing end (Teleman et al., 2002; Peña et al., 2007) .
Xylan is an essential structural component of secondary walls in dicotyledons, with severe deficiency resulting in mechanically weak stems and collapsed xylem vessels -the so-called irregular xylem (irx) phenotype (Brown et al., 2005 (Brown et al., , 2007 (Brown et al., , 2009 ; Lee et al., 2007 Lee et al., , 2010 . Proteins required for xylan biosynthesis were first identified in Arabidopsis thaliana based on such phenotypes in mutants (reviewed by Rennie & Scheller, 2014) . These proteins comprise glycosyl transferases (GTs) synthesizing the reducing end sequence, which is essential for xylan backbone biosynthesis, and GTs involved in backbone elongation. Xylan xylosyl transferase activity has been reported in the GT47 family proteins AtIRX10 and AtIRX10-L (Brown et al., 2009; Wu et al., 2009; Jensen et al., 2014; Urbanowicz et al., 2014) but the backbone elongation requires at least two additional proteins: AtIRX9 and AtIRX14, or their redundant paralogs, AtIRX9-L and AtIRX14-L, belonging to GT43 family (Brown et al., 2005 (Brown et al., , 2007 Lee et al., 2007 Lee et al., , 2010 Lee et al., , 2012a Keppler & Showalter, 2010; Wu et al., 2010) . Based on genetic and biochemical data in Arabidopsis, wheat and asparagus it has been proposed that the soluble IRX10 protein interacts with the membrane-bound GT43 proteins IRX9 and IRX14, forming a membrane-bound complex in the Golgi, and that this interaction is important for activity, scaffolding and localization of the complex in the Golgi (Zeng et al., 2010 (Zeng et al., , 2016 Ren et al., 2014; Jiang et al., 2016) . While the AtIRX9 and AtIRX14 clades have different functions (Lee et al., 2010 (Lee et al., , 2012a Wu et al., 2010) , the AtIRX9-L and AtIRX9 paralogs are functionally redundant but with diverged regulation in primary and secondary wall xylan synthase complex, respectively (Mortimer et al., 2015) .
The woody model genus Populus has seven GT43 genes, named GT43A-GT43G (Geisler- Lee et al., 2006; Lee et al., 2011; Ratke et al., 2015) , consistent with the previously described Salicaceae whole genome duplication event (Tuskan et al., 2006) . GT43A-E proteins were shown to be localized in the Golgi, and complementation of Arabidopsis mutants indicated two functional groups, one comprising AtIRX9, GT43A, GT43B and GT43E, and the other AtIRX14, GT43C and GT43D Lee et al., 2011 Lee et al., , 2012b , as also found in rice and cotton (Chiniquy et al., 2013; Lee et al., 2014; Li et al., 2014) . Moreover, the AtIRX9-L homolog GT43E is expressed mostly in primary walled cells, whereas the AtIRX9 homologs, GT43A and GT43B, are expressed strictly in secondary walled cells and are activated by the master secondary wall switches MYB021 (homolog of AtMYB46) and PNAC085 (AtSND1) Sundell et al., 2017) . GT43F and GT43G, which are 48 and 51% identical to GT43E, respectively, are expressed to very low level in the wood and GT43F might be a pseudogene as it has a large deletion in the central part of the protein.
To date, only GT43B has been functionally studied using RNA interference (RNAi) in hybrid poplar (Populus alba 9 tremula), where downregulation to c. 15% of the wildtype (WT) expression resulted in thinner xylem cell walls, collapsed vessels, reduced xylan content and chain length, and increased wood digestibility (Lee et al., 2011) . Here, we further that study by analyzing phenotypes associated with downregulation of all GT43 family clades separately and in different combinations in hybrid aspen (Populus tremula L. 9 tremuloides Michx). We found that reduction of GT43 expression specifically in secondary wall-forming cells resulted in increased tree growth, with the largest effect observed when the IRX9 and IRX14 clades were both downregulated. These lines had slightly reduced xylose (Xyl) content relative to reducing end sequence in xylan and exhibited higher saccharification efficiency. Moreover, their transcriptomes showed downregulation of the secondary wall biosynthesis program and activation of the cell division program, along with alterations in many signaling pathways, which suggests the existence of a mechanism maintaining cell wall integrity (CWI) (Hamann, 2015) in developing wood. We propose that this mechanism is responsible for the increased growth of transgenic plants.
Materials and Methods

RNAi construct cloning
RNAi constructs were generated by amplifying specific gene fragments c. 200 nt long from hybrid aspen GT43B, GT43E and GT43C, combining them by PCR, creating inverted repeats using pRNAi (Demura & Fukuda, 2009) , cloning them into pENTR TM /D-TOPO (Invitrogen) and then recombining into pK2GW7 (Karimi et al., 2002) and pK-pGT43B-GW7 to generate expression RNAi clones driven by the 35S and GT43B promoter, respectively. The primers are listed in Supporting Information Table S1 .
Plant material
Binary vectors were transformed into hybrid aspen (Populus tremula L. 9 tremuloides Michx., clone T89) by Agrobacteriummediated gene transfer as described previously . Twenty independent transgenic lines were screened by reverse transcriptase quantitative PCR (RT-qPCR) and compared to wild-type plants at the same developmental stage grown in the same conditions to determine the level of down-regulation of target genes, first in the in vitro grown stems, and then in petioles after 5 wk of growth in the glasshouse. Based on those results the three most affected lines per construct were selected for the final analysis.
Plants were grown in soil under an 18 h light photoperiod, at 20 : 15°C, day : night, and a relative humidity of 60-70%, watered daily, fertilized once per week with Rika-S (Weibulls Horto, Hammenh€ og, Sweden) and rotated weekly to randomize microenvironment effects. Plant growth was assessed by measuring plant height, stem diameter and number of internodes 8 wk after planting in the glasshouse. Internodes with wood developed during the periods of 5-8 wk, approximately corresponding to internodes 40-60, were harvested 11 wk after planting, frozen in liquid nitrogen and stored at À80°C until processing. Samples for microscopy were fixed as described below without freezing.
Quantitative RT-PCR
Stem segments were debarked, the pith was removed and the wood was freeze-dried. Dry wood pieces were ground to rough wood powder (particle size < 0.5 mm) and RNA was extracted from it using CTAB extraction buffer (Chang et al., 1993) , DNase (DNA-free; Ambion) treated, tested for genomic DNA contamination, reverse transcribed into cDNA and quantitatively amplified as described in the MIQE pr ecis in Table S2 (Bustin et al., 2010) . UBQ-L (Table S2) was selected as the reference gene based on GeNorm (Vandesompele et al., 2002) . For each gene, several primers were tested and their specificity was confirmed by sequencing the PCR products. The relative expression level was calculated according to Pfaffl (2001) . Gene expression levels are shown relative to wild-type expression.
Wood anatomy and ultrastructure
Tissue and fiber dimensions were studied in five trees per line using wood of the same age fixed in FAA (3.7% formaldehyde, 5% acetic acid, 50% ethanol; v/v) .
Tissue thickness Stems were hand-sectioned and imaged using a light microscope (Axioplan; Zeiss). Tissue thickness was measured using AXIOVISION LITE software (Zeiss) at four random positions per section.
Fiber size Wood was macerated in acetic acid peroxide as described (Gray-Mitsumune et al., 2008 ) and imaged as above. At least 60 individual fibers per tree were measured.
Microfibril angle Stem segments were prepared and imaged as described previously . Three trees per line were analyzed, each based on three stem radial sections and 9-30 measurements per section.
Cell wall thickness Samples were prepared as above except that the cross sections were used. Three trees per line were sectioned, five sections were analyzed per tree and 10-40 measurements per section were performed.
Cell wall analysis
Rough wood powder was ball milled to fine wood powder, as previously described (Gandla et al., 2015) . Fine wood powder was analyzed by pyrolysis GC/MS as previously described (Gandla et al., 2015) . The alcohol insoluble residue (AIR) was prepared from fine wood powder as described by Mortimer et al. (2010) and monosaccharide composition was analyzed after destarching, methanolysis and trimethylsilyl (TMS) derivatization (Gandla et al., 2015) .
Xylan analysis by DASH
AIR (100 lg) was deesterified with 4 M NaOH for 1 h, neutralized with HCl, resuspended in ammonium acetate buffer (0.1 M, pH 6.0, 500 ll), digested with Cellvibrio japonicus GH10 xylanase (a kind gift from Professor Harry Gilbert, University of Newcastle, UK) and boiled for 30 min to stop the reaction. Undigested material was removed by centrifugation (12 000 g, 10 min), and the supernatant was analyzed by DNA sequencerAssisted Saccharide analysis in High throughput (DASH) (Li et al., 2013) with minor modifications. Briefly, the supernatant was dried in vacuo and derivatized overnight with 10 ll of 0.02 M 8-aminopyrene-1,3,6-trisulfonate (in 1.2 M citric acid), 10 ll of 0.2 M 2-picoline borane (in dimethyl sulfoxide (DMSO)) and 10 ll water overnight at 37°C. The reaction was diluted by the addition of 970 ll water, and a volume equivalent to c. 1 pmol was analyzed in a 96-well plate, along with mobility markers (DY-481xl-NHS ester-labeled amino acids as described by Li et al., 2013) . Samples were dried in vacuo, resuspended in 20 ll DMSO, and analyzed using an ABI 3720xl DNA sequencer (Applied Biosystems, Foster City, CA, USA). The data were processed using DASHBOARD software (Li et al., 2013) .
Saccharification
Rough wood powder was sieved using 100-500 lm sieves (Retsch Analytical AS 200, Haan, Germany). The moisture content was measured (Mettler Toledo HG63, Leicester, UK) to ensure complete dryness of the freeze-dried samples. A dilute acid pretreatment was performed using a single-mode microwave system (Biotage Initiator 2.0; Biotage, Uppsala, Sweden) at a combined severity of 2.2, as previously described (Gandla et al., 2015) . The enzymatic hydrolysis was performed at 45°C in an orbital shaker at 170 rpm (Ecotron incubator shaker; Infors, Bottmingen, Switzerland), using a mixture of Celluclast 1.5L and Novozyme 188 (Sigma-Aldrich) and 50 mM sodium citrate buffer, pH 5.2, as previously described (Gandla et al., 2015) . Samples (10 ll) were collected before enzyme addition (0 h) and after 2, 48 and 72 h to follow the reaction. The monosaccharide concentrations were determined after filtering out debris through a 0.2 lm nylon membrane (Millipore) using high-performance anion-exchange chromatography (HPAEC). The analysis was performed using a Dionex ICS-3000 system equipped with an electrochemical detector, a CarboPac PA20 (3 9 150 mm) separation column, and a CarboPac PA20 (3 9 30 mm) guard column (all from Dionex, Sunnyvale, CA, USA).
Mechanical properties
Micromechanical testing was carried as described in Methods S1. For the macromechanical testing, two-internode-long wood segments of the same age in all samples were thawed, debarked and conditioned to 60% relative humidity. The segments were placed in a vibratome sample holder, and mature wood was dissected with a razor blade to obtain 25-30 9 1.2-2 9 2-4 mm (L 9 R 9 T) pieces. For each line, 3-5 trees were analyzed, each with 2-4 pieces, by three-point bending using an Instron Universal, 10 kN testing machine (Tamil Nadu, India). All specimens were loaded in the radial direction until failure, using a crosshead speed of 0.5 mm min À1 at 21°C and 60% humidity. The elastic flexural strain, e fl , was calculated as:
where w 0 is the deflection, l is the length and h is the thickness of the specimen. Flexural stress, r fl , was calculated as:
where P is the applied load (between 1 and 5 N) and b is the width. The flexural modulus, E fl , was calculated as:
The shear factor was neglected. The bending strength, ƒ m , was calculated as:
, where F is the maximum load applied (Esteves et al., 2008) .
SilviScan microfibril angle and wood density
Two debarked stem segments having the same age for all the samples, and approx. length of 15-20 mm and approx. diameter of 10 mm from each of 5-6 trees per line were analyzed by SilviScan at RISE Innventia AB (Stockholm, Sweden). The samples were conditioned to 23°C and 43% relative humidity, aligned by sides in groups of four, and glued on a support. An extra support was glued on top of the segments. They were cut to a thickness of 2 mm and a height of 7 mm across diameters and analyzed for wood density with X-ray transmission and for microfibril angle with X-ray diffraction (Evans, 1999) . Pith and glue areas were identified by aligning microfibril angle (MFA)/density data with the SilviScan images and removed before calculating average density and MFA.
Transcriptomics/RNA sequencing
Sample collection, RNA extraction and sequencing RNA was extracted from developing xylem tissue scraped from debarked stem segments using CTAB/Chl extraction followed by LiCl and NaAc/ethanol precipitation (Chang et al., 1993) and column purification (RNeasy Kit; Qiagen). RNA concentration was analysed using a NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and integrity using an Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). Three biological replicates of each transgenic line and five replicates of the WT RNA preparations were sent to the Science for Life Laboratory (SciLifeLab, Stockholm, Sweden) for RNA sequencing using standard Illumina protocols and kits (TruSeq SBS KIT-HS v3, FC-401-3001; TruSeq PE Cluster Kit v3, PE-401-3001) on the Illumina HiSeq 2000 platform (San Diego, CA, USA). Sequencing libraries were quality checked using an Agilent 2100 Bioanalyzer (Agilent Technologies) before sequencing. The sequencing protocol involved DNase 1 digestion of total RNA, mRNA isolation with oligo(dT) beads, mRNA fragmentation, first-and second-strand cDNA synthesis, endrepair, A-tailing, bar-coded adapter ligation and PCR amplification. The final number of biological replicates that were successfully sequenced included three replicates of the WT and BC1 and two replicates of the BC2 line. The samples yielded > 11 million paired-end reads (minimum 11 881 072 maximum 34 940 460).
Bioinformatics processing Quality control (QC) checks of raw data and after all QC steps were performed using FASTQC (v.0.10.1, www.bioinformatics.babraham.ac.uk/projects/fastqc/). To reduce noise, and to provide more accurate library size normalizations, reads containing rRNA were filtered using SORTMERNA v.1.8 (Kopylova et al., 2012) using the provided databases for 5S, 5.8S, S 18s, 23S and 28S rRNA. Low-quality reads were removed using TRIMMOMATIC v.0.27 (Lohse et al., 2012) with a sliding window of 5 bp, minimum quality score of 20, minimum read length of 50 bp, minimum leading read quality of 20 and a custom clipping file containing all Illumina adapters. The reads were then aligned to v.1.1 of the draft assembly of P. tremula (http://popgenie.org/aspseq) using STAR v.2.3.0 (Dobin et al., 2013) with a given maximum intron length of 11 000 bp and the v.1.1 GFF3 annotation file (ftp://plantge nie.org/Data/PopGenIE/Populus_tremula/v1.1/GFF3/Potra01-gene-synthetic-transcripts-wo-intron.gff3.gz). To avoid bias when aggregating counts from the mapped reads for genes with multiple splice variants, an annotation file that combines every exon of a gene into a single artificial gene model was created. HTSEQ-COUNT (v.0.5.4p3) was used to aggregate transcripts. The count data were then analyzed in R (v.3.0.2; R Core Team, 2013) using the DESEQ BIOCONDUCTOR package (v.1.14.0) (Anders & Huber, 2010) . The scripts used are available in Methods S2.
Results and Discussion
Both the constitutive 35S and the wood-specific GT43B promoter reduce gene expression when driving GT43 RNAi constructs in aspen wood
The Populus GT43 family forms three clades, denoted as B (IRX9), E (IRX9-L) and C (IRX14) (Fig. 1a) . Recent RNA sequencing in wood-forming tissues of aspen (Sundell et al., 2017;  http://aspwood.popgenie.org) revealed that the three clades have distinct expression patterns, with GT43A and GT43B (B clade) showing very steep upregulation in secondary wallforming cells and no expression in cambial cells, GT43C and GT43D (C clade) being upregulated in secondary wall-forming cells and having high expression in the cambium, and GT43E and GT43G (E clade) being highly expressed in the cambium without upregulation in secondary walled cells (Fig. 1b) . To understand the biological roles of these clades in wood development we cloned a set of gene constructs targeting individual and multiple GT43 family clades for downregulation by RNAi (Fig. 1c) , using two different promoters for comparison: the constitutive 35S promoter and the wood-specific GT43B promoter . The resulting 14 vectors were used to generate 20 independent transgenic lines each, three of which, having strongest downregulation, were selected for analyses. The downregulation of target GT43 genes in woody tissue (Fig. S1 ) was similar in trees harboring the 35S or GT43B promoter. Typically, the target gene expression was reduced to c. 50% of the WT level, with a maximum reduction to 25%, and the suppression of paralogous genes of the same clade was weaker.
Wood-specific modification of GT43 gene expression leads to increased plant growth Knocking out GT43 genes in Arabidopsis results in dwarfism (Brown et al., 2005 (Brown et al., , 2007 Lee et al., 2010; Wu et al., 2010) , which has been associated with the irx phenotype caused by a 
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New Phytologist xylan deficiency, presumably by causing impaired water transport. In poplar, the suppression of GT43B down to 15% of the WT level also led to collapsed vessels, but the effects on growth were not reported (Lee et al., 2011) . Intriguingly, the downregulation of genes required for the biosynthesis of xylan reducing end sequence, GT47C (AtFRA8) or GAUT12.1 and 12.2 (AtIRX8), which lead to severe reduction in Xyl content, either did not affect growth (Lee et al., 2009; Li et al., 2011) or stimulated it (Biswal et al., 2015) . Therefore, we investigated how growth was affected in GT43 RNAi hybrid aspen lines. Interestingly, we found an overall increase in tree height, stem diameter and volume in lines harboring GT43B promoter-driven RNAi constructs targeting clades B and C, singly or in combinations, whereas no such effect or even growth reduction was observed when these constructs were driven by the 35S promoter (Fig. 2) . This positive effect of the GT43B promoter on growth cannot be explained by a different level of downregulation, as the gene expression levels were similarly affected by the two promoters (Fig. S1 ). Rather, growth appeared to be stimulated when the GT43 genes were suppressed specifically in secondary wall-forming cells (in clade B RNAi lines with both promoters or clade C RNAi lines with the GT43B promoter). Thus, we found that the suppression of xylan biosynthesis during secondary wall formation activates growth.
To better characterize the growth phenotype induced by GT43 suppression we focused on the genotype showing most pronounced growth stimulation -the GT43B promoter-driven BC RNAi construct. Two independent lines, BC1 and BC2, expressing GT43B and GT43C at c. 30% and 50% of the WT level, respectively, showed an increase in stem height and diameter of 10-20%, which resulted in a volume increase of 50-60% of the WT level (Fig. 3a,b) . Internode number, internode length and leaf size were also increased by c. 10% (Fig. 3b) . Analysis of stem cross-sections revealed that all stem tissues -bark, xylem and pith -were significantly thickened, with the xylem thickening being the most prominent (17-27%) (Fig. 3c) . No irx phenotype was observed. To determine if this thickening was due to increased cell size, we measured fiber width and length in macerated wood (Fig. 3d,e) . Although the line BC2 exhibited a small increase (+7%) in fiber width, this was insufficient to account for the increased xylem width. Consequently, the observed xylem thickening must be driven largely by a higher rate of periclinal cambial cell divisions.
Interestingly, no growth stimulation has been observed in Arabidopsis mutants with xylan biosynthesis deficiency, even in mutant combinations with mild xylan biosynthesis defects (Wu et al., 2009 (Wu et al., , 2010 . This raises the question of whether the growth stimulation in Populus observed when xylan biosynthesis is suppressed in developing wood ( Fig. 3 ; Biswal et al., 2015; Derba-Maceluch et al., 2015) represents a phenomenon specific to tree species.
Wood-specific suppression of GT43 clade B and C reduces S-lignin content and Xyl relative to reducing end sequence content in xylan
The transgenic lines did not exhibit major changes in wood monosaccharide composition (at P ≤ 5%) except for a small decrease in MeGlcA and increase in mannose (Man) (Fig. 4a) . 
PtGT43C PtGT4 T T 3 Fig. 1 Populus GT43 gene family genes expressed in wood-forming tissues and the RNAi constructs silencing these genes. (a) Phylogenetic relationship between Populus trichocarpa and Arabidopsis thaliana GT43 family members and (b) their expression patterns in wood developmental zones (http:// aspwood.popgenie.org). The IRX9 clade represents secondary wall expressed genes (blue), the IRX9-L clade represents the primary wall and constitutively expressed genes (brown), and the IRX14/14-L clade represents the genes expressed in both primary-and secondary wall-forming tissues (pink). Protein sequences were aligned with CLUSTALW and the phylogenetic analysis was performed in MEGA5 using the Neighbor-Joining method with a bootstrap test (1000 replicates). The y-axis shows the variance-scaled expression. The x-axis shows tangential samples over the wood developing tissues with four zones indicated: P, phloem; C + RE, cambium and radial expansion zones; SCW, secondary cell wall deposition zone; M, maturation zone. GT43F was not expressed. (c) Schematic representation of RNAi constructs targeting individual and multiple GT43 genes for downregulation driven by constitutive 35S or wood-specific GT43B promoter.
The ratio of MeGlcA to Xyl was not affected, indicating no major change in MeGlcA substitution level of xylan. Xylan structure was analyzed by enzymatic fingerprinting using DASH (Li et al., 2013) . Based on this analysis, the branching was not affected and the relative Xyl to reducing end sequence content (Xyl : RES) in xylan was reduced by c. 10% in transgenic lines (Figs 4b, S2) , confirming the involvement of clade B and C in xylan backbone biosynthesis in developing wood.
Wood composition was further analyzed by pyrolysis GC-MS (Fig. 4c) , revealing a small decrease in S and H lignin and in S : G lignin ratio in transgenic lines. Total lignin content and lignin : carbohydrate ratio were not affected. Previous studies with suppressed PoGT43B revealed decreased S and G lignin, perhaps due to more severe GT43B suppression (Lee et al., 2011) . Surprisingly, the lignin content and/or composition was oppositely affected in poplar lines with suppressed genes involved in xylan reducing end sequence biosynthesis, GT47C (Lee et al., 2009) , and GAUT12.1 and 12.2 (Li et al., 2011; Biswal et al., 2015) . Whether these opposite effects could be explained by opposite changes in xylan chain length by affecting its interactions in the cell wall or was caused by other effects remains to be investigated.
Wood-specific suppression of GT43 clade B and C increases sugar yield in enzymatic saccharification
Because xylan is thought to tightly bind cellulose microfibrils thereby protecting them from cellulases, it is expected that a reduction in xylan content would increase glucose (Glc) yields by cellulases. However, previous studies with xylan-compromised poplar showed variable effects on Glc yields. For example, reduction of Xyl content by c. 30% resulted in either increased Glc yield (by 36% in GT43B suppressed lines) or no effect/marginal effect (in GAUT12.1 and 12.2 suppressed lines) (Lee et al., 2011; Li et al., 2011; Biswal et al., 2015) . GT47C suppression resulted in an unpredictable effect (10-50%) on Glc yield (Lee et al., 2009) . We therefore investigated how the suppression of GT43 B and C clades, which leads to a only small decrease in xylan Xyl to RES ratio without significant change in wood Xyl content, affected the yields of sugars. In saccharification without pretreatment, the yields of Glc and galactose (Gal) were, on average, 20% and 30% higher, respectively, in transgenic lines compared to WT (Fig. 4d) . However, the yields did not differ from WT after acid pretreatment followed by enzymatic hydrolysis. Because the sugar composition of transgenic and WT wood was similar, these results indicate that the cellulose and galactan were more accessible to hydrolytic enzymes in cell walls of transgenic lines. Given that the reduction in the xylan backbone was very mild in transgenic lines, the prominent effects on Glc yields (Fig. 4d) are puzzling. Possibly, the decrease in S and H lignin contents and S/ G ratio in these lines (Fig. 4c) contributed to higher saccharification because the lignin is known to inhibit saccharification without pretreatment (Gandla et al., 2015) , and higher Glc yields were observed in other transgenic aspen lines with reduced S/G ratio (Pawar et al., 2017) . However, the mechanistic relationship between GT43 gene repression and S and H lignin contents requires further investigation.
Wood-specific suppression of GT43 clade B and C increased wood mechanical strength, and reduced cellulose microfibril angle and wood density Previous studies revealed prominent reductions in secondary wall thickness and mechanical strength in mutants and transgenic plants with reduced xylan content (Lee et al., 2009 (Lee et al., , 2010 (Lee et al., , 2011 Li et al., 2011) . We also found a reduction in cell wall thickness of 9-18% and a small reduction in wood density in transgenic lines (Fig. 5d,f) . To test if the mechanical properties were affected, micro-and macro-mechanical tests were applied. In the (Table S3) , whereas in the macro-mechanical three-point bending they had a higher modulus of elasticity (MOE) and higher bending strength (Fig. 5a,b) . These results are consistent with the lack of irx phenotype in transgenic lines. However, because the cell wall thickness and wood density were reduced in transgenic lines we speculated that there must be a compensatory change in cell wall architecture making cell walls mechanically stronger. To further investigate the possible contribution of cellulose microfibril orientation, cellulose MFA was measured using SilviScan, revealing a small reduction in transgenic line BC2 (Fig. 5c) . To further investigate how the cellulose network was affected, we studied developing S2 layers in xylem fibers by field emission scanning electron microscopy. This analysis revealed a small reduction in MFA in transgenic trees, consistent with the SilviScan results, without any other morphological change (Fig. 5c,e,g ). This result is reminiscent of a similar decrease in MFA in aspen lines with downregulated xylan transglycosylase Xyn10A . The decrease in MFA in these lines was hypothesized by the authors to be caused by the activation of stress signaling pathways suggested by changes in transcripts of stress-related genes. We therefore investigated whether similar changes occur in transgenic BC1 and BC2 lines.
Wood-specific suppression of GT43 clade B and C leads to downregulation of specific modules of the secondary cell wall biosynthetic machinery and to upregulation of regulators of cambium growth New Phytologist mechanisms that regulate coordination of the biosynthesis of secondary cell walls. To uncover such a mechanism, we compared the transcriptomes of developing wood of the BC1 and BC2 lines to WT using RNA sequencing (RNASeq), from which we identified altered expression of 158 genes, the majority of which (144) were downregulated in the BC1 and BC2 lines ( Fig. 6a,b ; Tables S5, S6 ). The majority of these genes (155) had an identified homolog in P. trichocarpa and functional enrichment analyses of Gene Ontology (GO) categories indicated significant alterations in hydrolytic activities including peptidase, oxidoreductase and glycosyl hydrolase in transgenic lines, and enrichment of genes bound by the ARBORKNOX1 (ARK1) transcription factor (TF) ( Table S4) . ARK1 is an ortholog of an A. thaliana SHOOT MERISTEMLESS (AtSTM) TF that promotes meristematic activity by induction of cyclin D (CYCD) (Scofield et al., 2013) . In poplar, ARK1 is expressed in the cambium and maintains cambial activity (Groover et al., 2006; Melder et al., 2015) . Consistently, we identified an AtCYCD3;1 ortholog among genes upregulated in the transgenic lines (Table S5 ). These findings suggested that increased wood production in GT43BC RNAi lines (Fig. 3b,c) may be a consequence of ARK1 stimulation of cell division.
To gain further insight into the function of the genes with modified expression in transgenic lines, we searched for their coexpression modules in developing aspen wood tissues using the ASPWOOD database (Sundell et al., 2017 , http://aspwood.pop genie.org). This analysis revealed that the expression patterns for up-and downregulated genes were strikingly different; while most upregulated genes were expressed in the cambium and radial expansion zones (CA-RE), the downregulated genes were mostly expressed in the secondary wall-forming (SW) and maturation (M) zones (Fig. 6a,b) . Based on their expression patters, the differentially expressed genes were assigned into several hierarchical clusters (Fig. 6a,b ; Tables S5, S6 ). We also identified sets of genes coexpressed with these hierarchical clusters using EXNET function at the POPGENIE website (http://popgenie.org/) (Table S7 ) and tested both the co-expressed genes and the hierarchical gene clusters for functional enrichment of GO categories. 
New Phytologist
We found that the upregulated genes of the CA-RE cluster and the coexpressed gene networks were enriched in 'GAregulated' function. This function was represented by two genes upregulated in transgenic lines, homologs of AtGASA3 and AtGASA11 ( Fig. 6a; Table S5 ) from the plant-specific GASA family comprising cell wall-localized short cysteine-rich peptides involved in a variety of developmental and stress responses, which transduce GA and other hormonal signals via an unknown mechanism (Zhang & Wang, 2017) . The homolog of the AtGASA3 expression profile matched that of a gene encoding a D-type cyclin, PtCYCD1.4, marking the meristematic activity region, whereas the homolog of AtGASA11 had an additional distinct peak in the M zone (Fig. 6a) . We speculate that any defects in secondary wall integrity would be perceived in this zone. Interestingly, a homolog of AtMED31 ( Fig. 6a ; Table S5 ) -encoding a mediator complex involved in jasmonates (JA)-induced transcription -also exhibited a small peak in the M zone and was upregulated in transgenic lines, suggesting that the JA pathway may be involved in such CWI perception. In addition, transcripts homologous to AtAPS3, which exhibit a sharp expression peak in the M zone, were upregulated ( Fig. 6a ; Table S5 ). AtAPS3 encodes an ATP sulfurylase (Jagadeeswaran et al., 2014) , which is essential for sulfonation of CLE peptide hormones (Matsubayashi, 2011) , suggesting that CLE peptides might participate in mediating perception of reduced GT43 expression and subsequent signaling in transgenic lines.
The downregulated genes, while mostly expressed in the SW zone, could be grouped into several coexpression clusters (SW1-SW10) showing subtle yet distinctive variability of this general pattern (Fig. 6b) . Clusters SW1 and SW10 were characterized by broad expression peaks encompassing the entire SW and M zones, thus potentially including genes involved in secondary wall defect sensing and signaling. Annotation of the affected genes revealed many signaling-related transcripts that could serve as candidates in such responses ( Fig. 6b ; Table S6 ). In particular, we have detected many receptor-like kinases (LRKs), which are the group of proteins known to be involved in CWI (Hamann, 2015) . This included LRKs homologous to AtRGI4, involved in the signaling via CLE peptide hormones (Endo et al., 2013) , and a homolog of AtLGO -an inhibitor of LRK integrating the regulation of cell cycle via cyclin CYCD3 in response to hormonal clues from abscisic acid (ABA) (Peres et al., 2007) , GA (Achard et al., 2009 ) and various stresses (Schwarz & Roeder, 2016) , and remorin protein that binds to receptor-like kinase (RLK) SERK1, thereby inhibiting brassinosteroids (BR) responses (Albrecht et al., 2008; Gui et al., 2016) as well as cambial proliferation via the CLE41-PXY pathway (Fig. 6b ; Table S6 ). AtSERK1 is known to be negatively regulated by an AAA-ATPase AtCDC48A, which targets it for destruction (Aker (e-g) Field emission-scanning electron microscopy (FE-SEM) analysis of wood: cellulose MFA of developing S2 layer (e), cell wall thickness in wood fibers measured in transversely sectioned wood (f), and typical view of cellulose microfibrils in a wild-type (WT) and transgenic (BC2) tree, showing MFA (g). All data are means AE SE, n = 3-6 biological replicates. Means significantly different from WT (Student t-test): *, P ≤ 5%. P values correspond to the contrast analysis comparing both transgenic lines to WT. Venn diagrams of up-and downregulated genes, respectively, and analysis of their expression profiles in wood developing tissues using the ASPWOOD database (Sundell et al., 2017) . The heatmaps show that the upregulated genes are mostly expressed in the primary-walled developing wood tissues (cambium and radial expansion zone, CA-RE), and only three genes are expressed in maturation zone (M), whereas the downregulated genes are mostly expressed in the secondary wall formation zone (SW), with few genes expressed in the CA-RE or in the phloem and at the annual ring border (PH-AN). The clusters of genes with similar expression profiles are shown beside the heatmaps, and genes associated with these clusters that are discussed in the text are listed. PCD, programmed cell death; TW, tension wood. Park et al., 2008) . Downregulation of homologs of both remorin and AtCDC48 points to increased SERK1 activity, cambial proliferation, and BR-induced xylem differentiation (Etchells et al., 2016; Zhang et al., 2016) in transgenic lines. Thus, SERK1 is a prime candidate for the CWI relay mechanism operating in the cambium that could regulate cell division and differentiation. Moreover, the SW1 cluster and the coexpressed gene cluster were enriched in rhomboid-like transcripts ( Fig. 6b ; Table S6 ), which in Drosophila encode peptidases that activate growth factors (Shilo, 2016) , and thus presenting candidate regulatory peptidases in mediating growth in response to CWI signaling.
Downregulation of a homolog of ABA-responsive the AtHAT22 TF suggests reduced ABA signaling in transgenic lines ( Fig. 6b ; Table S6 ). This is further supported by the downregulation of the key ABA biosynthetic enzyme -9-cis-epoxycarotenoid dioxygenase 6 (NCED6). Interestingly, NCED6 is known to be transcriptionally induced by AtABI4 that activates GA2 oxidase, thus downregulating the level of active GAs (Shu et al., 2016) . These observations suggest the upregulation of GA signaling, which was also suggested by the increased transcripts encoding GASA discussed above, and downregulation of ABA signaling in transgenic lines. AtHAT22 suppresses genes in the JA pathway and inhibits growth, and promotes genes in ethylene (ET) pathway and senescence . The observed downregulation of the AtHAT22 homolog in transgenic lines could mediate decreased expression of many senescencerelated genes (Table S6) , increased growth (Fig. 3) and decreased ET signaling. The last is consistent with the observed downregulation of PtACO1 encoding the 1-aminocyclopropane-1-carboxylic acid (ACC) oxidase that converts ACC to ethylene (Table S6) . Another potential regulatory TF downregulated in transgenic lines is WRKY19 (AtWRKY12) proposed to act as a negative regulator of the secondary wall program in the pith (Yang et al., 2016) . Its role in xylem differentiation is currently unknown, but taking into account the importance of WRKY family members in stress responses, its role in CWI is worth further consideration.
The transcript homologous to AtHPAT3 was reduced in transgenic lines ( Fig. 6b ; Table S6 ). AtHPAT3 encodes the hydroxyproline-O-arabinosyl transferase involved in the arabinosylation of CLE peptides (Ogawa-Ohnishi et al., 2013) , a process by which their affinity to their RLK receptors is increased (Matsubayashi, 2011) . The CLE-like peptide hormones appear as potent regulators of organ size (Sui et al., 2016) , and they could be a key mobile component of the observed growth stimulation in the transgenic lines. A different regulatory module with potential for noncell autonomous regulation of gene expression comprises AtSHORTROOT (AtSHR), AtSCARECROW (AtSCR)-like (AtSCL) and AtSCR, implicated in triggering unequal cell division in different organs (Long et al., 2015; Yoon et al., 2016) , and creating a regulatory circuit of cell division activity including AtCYCD6;1 and retinoblastoma-related (RBR) (Cruz-Ramirez et al., 2012) . A homolog of AtSCL8 was downregulated in transgenic lines ( Fig. 6b; Table S6 ).
Among the TFs suppressed in transgenic lines were orthologs of Arabidopsis, KNAT7, MYB43, MYB52 and LBD18 ( Fig. 6b ; Table S6 ), known as positive regulators of the secondary wall biosynthesis program and the programmed cell death (PCD) pathway in the xylem fibers, downstream of AtMYB46, AtSND1 and AtEF2c (Soyano et al., 2008; Zhong et al., 2008; Zhong & Ye, 2012; Cassan-Wang et al., 2013; Taylor-Teeples et al., 2015) . Therefore, we conclude that the secondary wall biosynthetic program was potentially globally suppressed in the transgenic lines, probably contributing to the reduced cell wall thickness observed in the wood fibers (Fig. 5f ). This suppression was clearly evident in the genes related to lignification listed in Table S6 in clusters SW1, SW2, SW6 and SW8, for example, the genes encoding DAHP synthases and laccases, berberine bridge enzymes, ferulic acid 5-hydroxylase (F5H) and PtPCBER7 (Niculaes et al., 2014; Daniel et al., 2015) . These findings indicate that the lignin biosynthesis process normally occurring during SW and M stages of wood differentiation (as suggested by the expression patters in ASPWOOD) is downregulated in the transgenic lines. Thus, the transcriptional regulation of late lignin biosynthetic genes, including F5H, may be responsible for the observed decrease in S : G ratio in transgenic lines (Fig. 4c) .
We were interested to see if the targets of secondary wall master switches were also downregulated in transgenic lines. Whereas none of the xylan biosynthetic genes beside the RNAi target genes was significantly altered, the variance scaled expression of all known genes involved in secondary wall xylan biosynthesis was reduced slightly in both transgenic lines as compared to WT ( Fig. S3a ; Table S8 ). Based on the post-ANOVA Dunnett test, the possibility that such coordinate downregulation is due to chance is < 0.0001. Secondary wall CesA genes also showed a similar trend (Fig. S3b) . By contrast, we identified several key PCD-related genes (Escamez & Tuominen, 2014) significantly downregulated in transgenic lines, such as homologs of metacaspase AtMC9, xylem serine peptidase 1 (AtXSP1) and bi-functional nuclease 1 AtBFN1 (Table S6) . Together, the transcriptomic data support the coordinate downregulation of the entire secondary wall biosynthesis program and PCD in transgenic lines, consistent with observed cell wall thinning. Such downregulation of a secondary wall biosynthetic machinery in response to a reduction of the components of the xylan synthase complex supports the existence of a mechanism maintaining the homeostasis of cell wall biosynthesis in secondary walled cells, similar to the CWI mechanism described in primary walled cells (Hamann, 2015) .
Our analysis also revealed downregulation of several genes known to regulate the orientation of microtubules such as orthologs of AtMOR1, AtWDL3 and many fasciclin domain arabinogalactan proteins (Kawamura & Wasteneys, 2008; MacMillan et al., 2010; Liu et al., 2013) . These genes could be involved in the regulation of the cellulose MFA, which is known to change between successively deposited secondary wall layers, consistent with their expression profile (Fig. 6b) . Their downregulation could play a role in the observed decrease in cellulose MFA in xylem fibers of transgenic lines (Fig. 5c,e,g ).
Finally, we detected is a small cluster of downregulated genes with an expression peak right after the SW zone ( Fig. 6b ; Table S6 ), containing genes involved in tension wood (TW) response (Andersson-Gunner as et al., 2006) . Thus, the downregulation of GT43 clade B and C genes, similar to the downregulation of XYN10A , affected expression of genes that are part of TW transcriptional reprograming. Hence, XYN10A antisense lines, and GT43 BC RNAi lines, exhibit not only similar phenotypes but also overlapping transcriptomic changes.
The transcriptomic analysis of GT43 BC RNAi lines provided evidence of transcriptional repression of secondary wall formation, lignification and PCD, concomitant with activation of cell division activity. The above discussed regulatory loops are depicted schematically in Fig. 7 . The localization of the different proteins encoded by the affected transcripts is based on their expression in developing wood (Sundell et al., 2017) where, we propose, the cell wall integrity monitoring must operate to coordinately regulate secondary cell wall formation and to balance cell division and differentiation. 
Conclusion
Phenotypic analyses of transgenic RNAi aspen lines targeting GT43 genes identified that a reduction in GT43 clade B and C gene expression in developing wood down to 30-60% of the WT level resulted in slightly altered wood chemical composition, including reduced S lignin content and reduced xylan Xyl to reducing end sequence ratio. The wood did not show any abnormalities, but its Glc yields were improved in enzymatic hydrolysis, density was reduced and, unexpectedly, mechanical resistance increased. An observed small decrease in cellulose microfibril angle could possibly contribute to this higher mechanical resistance.
Most strikingly, the growth of plants was stimulated when GT43 genes were suppressed specifically in the cells depositing secondary walls, but not when the genes were ubiquitously suppressed. The higher growth was accompanied by changes in the transcriptome of developing wood, suggesting a repression of the secondary wall formation program, and the activation of regulatory factors responsible for cambial meristem maintenance. The data suggest that there exists a cell wall integrity sensing mechanism in cells depositing secondary walls that activates processes maintaining cell wall homeostasis, and balance growth with differentiation. We propose that this mechanism is responsible for the increased growth in trees with altered xylan deposition. 
